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Measurements  of  the  Potential  Dependence  of  Electric  Field  Magnitudes  at  an  Electrode  Using 
Fluorescent  Probes  in  a  Self-Assembled  Monolayer 

John  M.  Pope  and  Daniel  A.  Buttry* 

Department  of  Chemistry 
University  of  Wyoming 
Laramie,  WY  82071-3838 

Abstract  -  This  report  details  the  measurement  of  the  dependence  of  the  electric  field  magnitude  on 
applied  potential  in  two  regions  of  the  electrical  double  layer,  inside  the  Outer  Helmholtz  Plane  (OHP), 
i.e.  inside  the  monolayer,  and  in  the  diffuse  layer,  for  a  metal/organic  thin  film/electrolyte  system.  The 
self-assembled  monolayers  (SAM’s)  used  in  these  experiments  were  formed  from  n-alkyl  thiols  on 
roughened  Ag  and  roughened  or  smooth  Au  electrodes.  The  electric  field  magnitudes  were  calculated 
from  the  Stark  shifts  of  a  cationic  fluorescent  probe,  an  (aniinostyryl)pyridinium  derivative,  that  was 
immobilized  in  the  SAM.  The  chain  lengths  of  these  alkyl  thiols  were  varied  to  control  the  distance  of  the 
probe  from  the  OHP  and  thus  the  relative  position  of  the  probe  in  the  electrical  double  layer.  Two  cases 
were  examined,  one  in  which  the  probe  was  embedded  within  the  SAM,  and  another  in  vriiich  the  probe 
was  external  to  the  SAM.  The  composition  of  the  monolayers  and  the  orientation  of  the  probe  and  n-alkyl 
thiol  molecules  within  them  were  characterized  using  ex  situ  reflection-absorption  Fourier  transform 
infrared  spectroscopy  (RA-FTIR).  For  the  case  in  which  the  probe  was  embedded  within  the  SAM,  the 
electric  field  magnitude  was  determined  to  be  3x10*  V/cm  per  volt  of  applied  potential,  while  for  the 
case  of  the  probe  outside  of  the  SAM  a  value  of  4  x  10"*  V/cm  per  volt  of  ^plied  potential  was  obtained. 
These  values  are  smaller  than  expectations  based  on  existing  models  for  the  potential  distributions  within 
such  structures,  and  possible  reasons  for  this  behavior  are  discussed.  A  potential  dependence  of  the 
fluorescence  intensity  of  the  probe  was  also  observed. 

Introduction 

The  spontaneous  adsorption  of  molecules  at  sur&ces  represents  a  simple  and  powerful  method  of 
constructing  interfaces  with  well-defined  structure  and  composition.  ‘  In  particular,  the  use  of  thiol-  or 
disulfide-bearing  species  to  form  self-assembled  monolayers  (SAM’s)  at  various  metal  surfiices  has  proven 
to  be  a  very  attractive  method  for  investigating  fundamental  electrochemical  phenomena  related  to  the 
influence  of  surfece  structure  on  redox  processes.  Our  group  has  been  particularly  interested  in 
understanding  how  the  interfecial  environment  in  or  near  such  structures  might  differ  fi’om  the  bulk, 
thereby  inducing  behavior  that  is  unique  compared  to  bulk  behavior.  For  example,  we  have  investigated 
how  ion-pairing  within  SAM’s^  and  the  position  of  the  redox  group  within  a  SAM*  affects  the  electron 
transfer  processes  of  such  groups  in  SAM’s.  In  addition,  we  have  used  the  electrochemical  quartz  crystal 
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microbalance  (EQCM)  to  study  ion  insertion  and  expulsion  processes  that  are  driven  by  changes  in  the 
charge  of  these  redox  groups,^^  These  studies  demonstrated  that  SAM’s  with  redox  groups  whose  state  of 
charge  can  be  electrochemically  modulated  behave  as  molecularly  thin  ion-exchange  materials.  To  better 
understand  the  forces  that  drive  these  ion-exchange  processes,  we  decided  to  investigate  more  closely  the 
basic  structure  of  the  electrical  double  layer  at  such  interfaces,  which  is  the  topic  of  this  contribution. 

The  stucfy  of  interfacial  potential  distributions  has  a  long  history,  and  several  mathematical 
models  have  been  developed  to  describe  them/'^  While  there  have  been  many  discussions  of  relatively 
indirect  methods  to  estimate  interfacial  potential  distributions,  such  as  double  layer  electrode  kinetic 
effects^,  there  are  surprisingly  few  direct  measurements  of  interfacial  electric  field  strengths  or  potential 
profiles^"^®.  We  present  here  the  results  of  a  new  experimental  strategy  for  measurement  of  electric  field 
strengths  at  solid-liquid  interfaces  that  employs  a  surfece-immobilized,  oriented,  fluorescent  dye  as  a 
spectroscopic  probe  of  the  interfecial  electric  field  A  preliminary  report  of  this  approach  has  been 
presented  This  technique  has  been  used  extensively  to  measure  electric  fields  in  biological 
membranes.  There  are  also  a  few  previous  reports  of  the  use  of  optical  spectroscopies  to  measure 
interfacial  electric  fields  in  electrochemical  systems^'^,  but  in  those  cases  the  n  systems  of  the  probe 
chromophores  were  in  direct  contact  with  the  electrode  surfece,  making  it  difficult  to  differentiate  purely 
electrostatic  effects  from  inductive  effects. 

The  present  method,  referred  to  as  electrochromism^^  or  the  Stark  effect^^,  involves  measuring  a 
change  in  the  electronic  transition  energy  of  the  probe  immobilized  in  the  electrical  double  layer  as  the 
local  electric  field  is  pertuibed.^^*^^  The  phenomenon  that  manifests  as  this  change  in  energy  involves  an 
electrostatic  interaction  between  both  the  ground  and  excited  state  dipoles  of  the  probe  and  the  local, 
interfedal  electric  field  created  by  a  potential  drop  that  is  ^plied  across  the  double  layer.  This  interaction 
is  written  mathematically^*  with  an  expression  containing  the  scalar  product  of  the  vector  describing  the 
change  in  the  dipole  moment  between  the  ground  and  excited  states  of  the  probe  and  the  electric  field 
vector  (wiiich  is  presumed  to  be  normal  to  the  surface"^*^),  as  in  equation  1, 

hAv  =  -  A|i  AE  COS0  -  1/2  Aotgp  AE^  cos0  (1) 

where  h  is  the  Planck  constant,  Av  is  the  shift  in  energy  of  the  peak  between  any  two  electric  fields  (i.e.  at 
any  two  applied  potentials),  Ap  is  the  total  change  in  dipole  moment  between  the  ground  and  excited 
states  of  the  dye  (a  constant  particular  to  each  probe  molecule),  AE  is  the  change  in  the  magnitude  of  the 
electric  field  between  any  two  applied  potentials,  0  is  the  angle  between  the  vectors,  and  Aoge  is  the 
change  in  the  polarizability  between  the  ground  and  excited  states.  The  quadratic  term  arises  fi-om  the 
change  in  the  ground  and  excited  state  dipole  moments  due  to  the  polarizabilities  of  these  states,  and  is 
usually  negligible  for  electric  field  magnitudes  below  ca.  lO’  V/cm.^*  It  is  important  to  note  that,  in  the 
present  context,  this  equation  refers  to  the  change  in  electric  field  between  any  two  applied  potentials. 
Knowledge  of  the  absolute  electric  field  at  any  applied  potential  requires  knowledge  of  the  potential  at 
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which  the  electric  field  vanishes  (i,e.  the  potential  of  zero  charge  or  Epzc),  so  that  the  Stark  shift  can  be 
measured  with  respect  to  that  potential.  We  return  to  a  discussion  of  this  point  later. 

Equation  1  shows  that  the  Stark  shift  is  linear  in  Ap.  Thus,  chromophores  with  large  changes  in 
dipole  moment  during  excitation  or  emission  should  exhibit  the  largest  Stark  shifts.  This  property  is 
commonly  observed  for  donor-acceptor  compounds  of  the  type  exemplified  by  the  hemicyanine  derivative 
used  here  (Scheme  1).  In  fact,  the  choice  of  the  hemicyanine  probe  for  the  present  study  was  based  in  part 
on  extensive  computational^^*  examination  of  Ap  for  a  variety  of  candidate  probes,  most  of  which 
comprised  donor-acceptor  systems,  as  well  as  an  experimental  investigation  of  Ap  for  the  hemicyanine 
derivative/^  Another  consideration  in  the  choice  of  the  hemicyanine  probe  was  the  availability  of  a 
relatively  tractable  synthetic  route  to  the  thiol  derivative  required  for  its  immobilization  within  the  SAM. 
However,  as  will  become  clear  below,  the  choice  of  a  cationic  probe  molecule  is  not  without  its  drawbacks. 
Finally,  the  photophysical  characteristics  of  the  probe  are  very  important  in  determining  its  suitability  for 
these  experiments  (vide  infra). 

The  above  mathematical  expression  has  several  experimental  ramifications,  the  most  obvious  of 
which  is  that  the  dipole  moments  and  electric  field  have  a  maximum  interaction,  and  thus  a  maximum 
measurable  Stark  shift,  \\dien  their  vectors  are  parallel,  i.e.  when  the  transition  moment  of  the  dye’s 
intramolecular  charge-transfer  transition  is  perpendicular  to  the  metal  surface.  We  have  satisfied  this 
physical  condition  by  employing  steric  constraints  through  judicious  choice  of  alkanethiol  ‘^ller” 
molecules.  Thus,  the  probe  molecules  are  embedded  within  monolayers  of  n-alkyl  thiols  v^ose  lengths 
were  chosen  to  promote  a  parallel  orientation  of  the  long-axis  of  the  dye  with  respect  to  the  surface 
normal.  As  discussed  below,  this  orientation  has  been  determined  through  the  use  of  reflection-absorption 
Fourier  transform  infi-ared  spectroscopy  (RA-FTIR). 

The  interaction  between  the  electric  field  and  the  probe’s  ground  and  excited  state  dipole 
moments  manifests  itself  in  both  the  absorption  and  emission  processes,  so,  in  principle,  either  could  be 
used  to  measure  the  Stark  shift.  The  previous  electrochemical  application  of  this  type  of  measurement 
employed  the  absorption  process.  We  have  chosen  to  use  the  emission  process  because  it  is  intrinsically 
a  much  more  sensitive  experimental  method  than  is  absorption  spectroscopy.  However,  emission  of 
molecules  near  metal  surfaces  is  greatly  influenced  the  metal,  so  several  important  considerations  enter 
into  the  choice  of  ^propriate  compounds  and  conditions  for  such  experiments.  Fluorescence  of  molecules 
near  metal  surfaces  has  been  shown  to  be  strongly  quenched  by  energy  transfer  to  the  metal  surface,^^*^® 
although  under  the  proper  conditions  fluorescence  can  occur'^’^^  and  can  even  be  enhanced.^'^"* 

Typically,  this  quenching  leads  to  dramatically  shorter  fluorescence  lifetimes  and  intensities  than  would 
otherwise  be  observed.  However,  recent  work  by  Com  and  coworkers,^^  as  well  as  the  results  reported 
here,  clearly  show  that  it  is  possible  to  observe  fluorescence  firom  molecules  situated  at  a  metal  surface,  so 
long  as  the  chromophoric  part  of  the  molecule  is  not  in  direct  contact  with  the  metal.  It  is  worth  noting 
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that  a  primary  function  of  the  n-alkyl  thiol  component  of  the  SAM’s  used  here  is  to  prevent  such  direct 
contact  so  as  to  allow  for  observable  emission  intensity  from  the  probe. 

The  detailed  kinetic  situation  expected  for  an  emitter  near  a  semiconductor^*’^’  or  metal^’  surface 
has  been  described,  and  it  is  instructive  to  consider  it  in  the  context  of  the  present  discussion.  The 
intrinsic  lifetime  for  an  emitter  in  bulk  solution,  Xobs,  is  related  in  the  following  way  to  the  rate  constants 
for  its  radiative,  k,,  and  non-radiative,  km,  processes: 

l/Tob8  =  kr+kDr  (2) 

When  placed  near  a  metal,  two  new  decay  processes  become  possible.  These  are  electron  transfer  between 
the  excited  state  and  the  surfece  (actually,  there  may  be  two  such  rate  constants  that  are  relevant,  one  for 
reduction  and  one  for  oxidation  of  the  excited  state)  and  energy  transfer  to  the  surface,  with  rate  constants 
k,  and  1^,  respectively.  Thus,  the  lifetime  expression  must  be  modified  in  the  following  way; 

1/Xob.’ =kr+kor  +  k»  +  l^  (3) 

Equation  3  makes  it  clear  that  the  ability  to  observe  fluorescence  from  a  species  near  a  metal  surface 
depends  critically  on  the  relationship  between  the  rate  constants  for  the  emission  process  and  the  various 
decay  processes.  Specifically,  the  ability  to  observe  reasonable  emission  intensity  from  the  emitter 
requires  that  the  intrinsic  lifetime  be  very  short  so  that  the  radiative  process  can  compete  effectively  with 
the  electron  and  energy  transfer  processes.  Thus,  a  short  intrinsic  lifetime  is  seen  to  be  an  important 
criterion  in  choosing  a  probe  molecule  for  studies  of  this  tyjie.  In  the  present  case,  the  lifetime  of  the 
probe  is  estimated  to  be  ca.  100  ps  based  on  a  previous  stucfy  of  the  lifetimes  of  several  very  similar 
derivatives  in  a  variety  of  solvents^*.  This  gives  a  value  for  1/xobs  of  ca.  10^°  s  This  is  quite  fast,  so  that 
emission  is  expected  to  be  competitive  with  the  two  interfacial  quenching  processes,  which  is,  indeed,  the 
case  as  will  be  seen  below. 

A  recent,  lucid  model  of  the  potential  distribution  at  the  metal/monolayer/electrolyte  interface 
predicts  large,  linear  potential  drops  across  the  monolayer  followed  smaller  decays  into  the  diffuse 
layer.*  To  test  the  predictions  of  this  model,  we  have  examined  the  potential  dependence  of  the  Stark 
shifts  of  the  probe  in  two  types  of  experiments.  In  one,  the  probe  is  embedded  within  the  alkyl  chain 
region  of  the  SAM,  and  in  the  other  it  extends  into  the  diffuse  part  of  the  double  layer.  In  both  cases,  the 
ionic  strength,  and  thus  the  Debye  length  of  the  diffuse  layer,  are  held  constant. 

Experimental 

The  field  <fye  was  synthesized  according  to  a  published  route^^  although  conversion  of  the 
hemicyanine  (Figure  la)  to  the  bromide  derivative  (Figure  lb)  and  subsequently  to  the  thiol  (Figure  Ic) 
was  carried  out  by  an  tqiproach  described  here.  Hemicyanine  was  dissolved  in  hot  toluene  (EM  Omnisolv) 
and  1,3-dibromopropane  (Aldrich,  12,590-3)  was  added  in  a  5  equivalent  excess.  The  reaction  was 
catalyzed  by  1%  equivalent  of  tetrabutylammonium  iodide  (Aldrich,  14,077-5).  The  quatemized  nitrogen 
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product  precipitated  as  a  red  solid,  which  was  filtered  and  washed  with  toluene  and  diethyl  ether 
(Mallinckrodt  Analytical  Reagent)  (60%  yield)  [^H  NMR  (270  MHz)  5  4.5  (t,  2  H),  3.6  (t,  2  H),  3.0  (s,  6 
H)].  To  make  the  thiol  functionality,  an  equivalent  of  CS2CO3  (Aldrich,  20,212-6)  was  dissolved  in 
absolute  methanol  (Baker  Analyzed  Reagent).  An  equivalent  of  thiolacetic  acid  was  added  to  the  solution 
to  form  the  thioacetate  anion  nucleophile,  A  concentrated  methanolic  solution  of  dye  in  the  3  carbon 
chain^romide  form  (referred  to  as  the  lPAS3Br  form)  was  added,  and  the  resulting  solution  was  refluxed 
under  N2  for  ca.  24  hours.  The  solution  was  evaporated  to  dryness  to  obtain  the  thioester  [^H  NMR  (270 
MHz)  8  4.5  (t,  2  H),  3.0  (s,  6  H),  2.9  (t,  2  H),  2.35  (s,  3  H),  2. 15  (p,  2  H)],  which  was  cleaved  to  the  thiol 
by  published  procedures.^®  The  resultant  product  was  precipitated  from  a  methanol/sat.  NaNOa  water 
mixture  as  the  nitrate  salt.  Note  that  the  procedure  to  convert  the  bromide  to  the  thiol  was  used  in  place  of 
previous  preparations  involving  substitution  of  a  halide  by  thiourea.  We  feel  that  cleavage  of  the  thiourea 
to  the  thiol  functionality  under  basic  conditions  provides  an  opportunity  for  oxidation  of  the  thiol  to  the 
disulfide  by  adventitious  oxygen  which  would  have  serious  implications  for  the  resultant  structure  of  the 
monolayer. 

Monolayers  were  immobilized  on  the  metal  electrodes  described  below  by  immersion  of  the 
prepared  substrate  in  a  solution  with  a  total  thiol  concentration  of  1  mM  containing  either  a  pure  species 
(cfye  or  n-alkyl  thiol)  or  a  mixture  of  species  (dye  +  n-alkyl  thiol)  in  abs.  methanol  for  ca.  30  minutes. 

After  loading,  the  samples  were  gently  washed  with  copious  amounts  of  methanol  and  deionized  water 
and  immediately  placed  in  either  an  experimental  cell  or  desiccator.  Ratios  of  concentrations  for  loading 
solutions  of  mixed  species  were  1: 10  for  the  djyeipropanethiol  solution  and  1: 1  for  the  cfye:dodecanethiol 
solution.  These  ratios  were  chosen  based  on  previous  determination  of  the  relative  abilities  of  these 
alkanethiols  to  exclude  the  dye  molecules  from  surface  sites  (see  below). 

Bulk  FTIR  spectra  were  taken  in  transmission  a  methanolic  cfye  solution  absorbed  onto  a 
microporous  polyethylene  disposable  card  (3M,  KC-0061).  The  card  was  dried  at  60°  for  10  minutes 
prior  to  measurement,  and  the  spectrum  was  ratioed  against  a  clean  card.  256  scans  were  taken  at  a 
resolution  of  2  cm‘^. 

For  the  FTER  monolayer  orientation  measurements,  smooth  Au  substrates  were  prepared  by 
depositing  75  A  of  Cr  and  2000  A  of  Au  on  precleaned  (NoChromix  bath,  GOORX  Laboratories,  Inc.) 
float  glass  1x3  inch  microscope  slides  (Fisher,  12550- A).  Coating  was  performed  via  thermal  eviration 
using  an  Edwards  306A  vapor  deposition  chamber  and  monitored  with  a  quartz  microbalance  (Edwards, 
FTM4).  Au  deposition  rate  was  ca.  1  A  per  second.  The  resultant  slides  were  placed  directly  into  the 
loading  solutions. 

RA-FTIR  spectroscopy  measurements  were  done  on  a  Bomem  MB- 100  FTIR  spectrometer 
equipped  with  a  narrow  band,  liquid  nitrogen-cooled  HgCdTe  detector  and  a  Harrick  VRA  glancing  angle 
attachment  with  the  reflection  angle  set  at  80° ,  Spectra  of  the  monolayer  were  ratioed  against  a 
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background  of  perdeuterated  hexadecane  thiol  monolayer  on  smooth  Au.  Contributions  to  the  spectra 
from  atmospheric  water  and  CO2  were  subtracted  using  the  appropriate  blanks.  Spectra  were  obtained  at 
2  cm'^  resolution  with  2048  co-added  scans. 

Rough  Au  substrates  for  the  fluorescence  measurements  were  initially  prepared  by  mechanically 
polishing  gold  foil  (Aldrich,  34,927-5,  99.99%  pure,  0.05  mm  thick)  with  0.05  pm  alumina  grit  (Buehler 
Micropolish  B)  and  sonicating  in  deionized  water  for  15  minutes.  Then,  roughenin^^  was  done  by 
electrochemically  cycling  the  foil  from  -0,8  V  to  1.9  V  and  back  for  two  to  three  cycles  in  0. 1  M  KCl. 
Rough  Ag  substrates  were  prepared  as  reported  previously^. 

In  situ  fluorescence  measurements  were  performed  using  a  90°  excitation/collection  geometry. 
For  the  monolayers  on  gold,  the  4765  A  line  of  a  Stabilite  2017  argon  ion  laser  (Spectra-Physics)  on 
power  feedback  control  for  stability  was  used  as  the  excitation  source.  The  beam  was  passed  through  a 
plasma  line  filter  (Physical  Optics)  and  focussed  by  a  cylindrical  lens  onto  the  sample  with  an  intensity  of 
ca.  3  mW.  The  fluorescence  was  collected  at  90°  with  a  photographic  lens  (Nikolai  Optics,  f=2).  A 
holographic  notch  filter  (Kaiser  Optical  Company,  Notch  Plus)  was  used  to  reduce  the  collection  of 
Rayleigh  scattering.  Spectra  were  obtained  with  a  Spex  270M  monochromator  (0.27  m)  equipped  with  an 
1800  gr/mm  holographic  grating  and  a  liquid  nitrogen-cooled  charge-coupled  device  detector 
(SpectrumOne,  256x1024  pixels).  To  obtain  the  multiple  wavelength  regions  required  for  a  complete 
fluorescence  spectrum,  spectra  were  obtained  in  40  nm  increments.  Spectra  of  samples  on  Au  substrates 
were  obtained  with  an  entrance  slit  width  of  1  mm.  Fluorescence  spectra  of  samples  on  silver  substrates 
were  obtained  as  reported  previously^\ 

The  ^plied  potential  in  the  fluorescence  measurements  was  controlled  by  a  poteniostat 
(Bioanalytical  Systems,  Inc.,  CV-lB-120),  The  electrochemical  cell  was  a  conventional  glass  H-cell. 
Voltages  are  reported  versus  a  Ag/AgCl  microreference  (Bioanalytical  Systems,  MF  2063)  with  a  Pi  wire 
counter  electrode.  Ar  gas  was  used  to  purge  the  cell  of  oxygen  prior  to  all  experiments. 

Calculations  of  the  ground  state  dipole  moment  and  vibrational  spectrum  of  the  probe  were  done 
using  the  Spartan  quantum  chemistry  package  (Spartan  SGI  version  4.0.3,  Wavefimction,  Inc,,  Irvine, 

CA)  at  the  AMI  level. 

Results 

RA-FTIR  Characterization  of  the  Monolayers 

As  mentioned  above,  two  different  monolayer  structures  were  examined  using  the  Stark  shift 
experiment,  one  in  wfiich  the  probe  was  embedded  within  a  monolayer  of  12-carbon  long  n-all^l  chains 
and  one  in  which  the  probe  was  pendent  from  the  exterior  of  a  monolayer  of  3-carbon  long  n-alkyl  chains. 
The  mixed  monolayers  formed  with  these  compositions  are  hereafter  referred  to  as  1PAS3/C12  and 
1PAS3/C3,  respectively.  In  the  1PAS3/C12  case,  the  fact  that  the  probe  is  surrounded  by  alkyl  chains  that 


7 


are  of  roughly  the  same  length  suggests  that  it  should  be  held  in  an  orientation  in  which  the  long  axis  of 
the  probe  is  colinear  with  the  long  axis  of  the  alkyl  chains.  In  the  1PAS3/C3  case,  there  are  at  least  two 
factors  that  could  influence  the  orientation  of  the  probe.  First,  molecular  models  suggest  that  unfavorable 
steric  interactions  between  the  ortho  hydrogens  of  the  pyridinium  ring  and  the  hydrogens  of  the  terminal 
methyl  groups  of  the  propyl  chains  will  occur  if  the  probe  tilts  too  far  away  from  a  perpendicular 
orientation  (with  respect  to  the  plane  of  the  surface).  Second,  at  potentials  negative  of  the  Epzc  where  the 
surface  charge  is  negative,  the  perpendicular  orientation  of  the  probe  is  favored  by  electrostatics,  because 
of  a  favorable  interaction  between  the  ground  state  dipole  of  the  probe  and  the  interfacial  electric  field. 
Changes  in  orientation  due  to  the  imposition  of  external  electric  fields  have  been  observed  for  LB  films 
containing  dipolar  species^^  although  due  to  the  restricted  environment  of  the  LB  film,  the  small  applied 
fields  (ca.  1-5  kV/cm),  and  the  small  dipole  moment  of  the  dipolar  species  (ca.  0. 1  D),  these  changes  were 
limited  to  a  few  degrees  change  in  the  tilt  angle  (note  that  there  are  errors  in  the  calculation  of  the 
electrostatic  interaction  energy  in  ref.  31).  For  our  case,  given  that  the  Epzc  of  Au  is  near  +0.2  these 
orientational  effects  of  the  applied  field  should  be  strongest  for  applied  potentials  considerably  negative  of 
this  value.  In  fact,  for  SAM’s  on  Au  substrates,  most  of  our  experiments  were  done  with  the  applied 
potential  negative  of  the  Ep^c  (for  reasons  that  will  be  discussed  below),  where  the  electric  field  fevors  a 
perpendicular  orientation. 

These  arguments  suggest,  but  certainly  do  not  prove,  that  the  probe  should  take  a  perpendicular 
orientation  in  both  types  of  SAM’s,  a  conclusion  that  is  supported  by  the  RA-FTIR  results  presented 
below.  The  approximate  geometry  suggested  by  molecular  models  for  the  case  of  a  probe  with  the 
orientation  shown  in  Scheme  1  is  that  the  pyridinium  nitrogen  of  the  acceptor  ring  system  is  5  A  away 
fi-om  the  surface,  and  the  aniline  nitrogen  of  the  donor  ring  system  is  15  A  fi^om  the  surface.  For  the  first 
type  of  monolayer  the  dodecylthiol  chains  should  extend  16  A  from  the  surface,  while  for  the  second  type 
the  propylthiol  chains  should  extend  only  5  A  from  the  surface. 

Because  of  its  importance  to  the  calculation  of  the  electric  field  magnitude  using  equation  1,  the 
orientation  of  the  probe  species  in  these  two  monolayers  was  investigated  using  RA-FTIR.  Figures  2  and 
3  show  the  spectra  for  a  1PAS3/C12  monolayer  and  for  a  bulk  sample  of  the  probe  (structure  c  in  Fig.  1). 
These  spectra  show  the  vibrational  bands  that  are  characteristic  of  the  probe  in  the  SAM,  particularly  the 
bands  at  1640  cm"^  for  the  stretch  of  the  vinylic  0=C  bond  connecting  the  two  rings,  at  1 164  cm'^  for  the 
stretch  of  the  C-N  bond  between  the  pyridinium  nitrogen  and  the  first  methylene  group  in  the  propyl 
spacer  of  the  probe  molecule,  and  at  1583  cm'\  which  is  a  ring  mode  of  the  probe.  The  bands  at  1640  cm' 
^  and  1 164  cm'^  are  of  particular  relevance,  because  they  can  be  used  to  qualitatively  evaluate  the 
orientation  of  the  probe  species  within  the  SAM,  an  issue  to  \^4uch  we  now  turn. 

The  use  of  RA-FTIR  spectra  to  determine  orientations  of  adsorbates  on  metal  surfaces  has  been 
described  in  considrable  detail.^"*’^^  A  rigorous,  quantitative  determination  of  orientation  fi-om  such 
measurements  requires  detailed  knowledge  of  the  optical  functions  of  the  metal  and  adsorbate  as  functions 
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of  frequency,  and,  even  then,  several  assumptions  must  be  made.  Especially  important  is  the  assumption 
that  the  transition  moments  of  the  normal  modes  that  result  in  the  observed  spectral  bands  can  be 
quantitatively  described,  i.e.  that  their  directionality  with  respect  to  the  molecular  axes  can  be  determined. 
In  the  present  case,  this  assumption  is  almost  certainly  not  justified,  because  the  modes  that  are  readily 
identified  in  the  RA-FTIR  spectra  are  normal  modes  that  contain  contributions  from  various  bonds  in  the 
two  ring  systems.  To  obviate  the  need  for  detailed  knowledge  of  the  optical  functions  of  the  substrate  and 
adsorbate,  we  have  opted  for  a  simpler,  qualitative  evaluation  of  orientation  based  on  a  simple  comparison 
of  the  ratios  of  the  absorbances  of  two,  non-parallel  modes.  In  this  method,  changes  in  the  relative 
absorption  intensity  ratios  of  vibrational  bands  in  bulk  and  monolayer  spectra  are  assumed  to  be  entirely 
due  to  the  anisotropy  imposed  on  the  optical  electric  field  by  the  reflecting  surface.  This  assumption 
allows  one  to  ignore  variations  in  intensity  between  the  bulk  and  monolayer  spectra  that  are  due  to  the 
different  collection  geometries  by  using  a  ratio  of  the  intensities  of  two  bands  with  known  (or  assumed) 
transition  moment  directions.  The  orientation  of  the  probe  in  the  monolayer  is  then  obtained  by  iteratively 
projecting  the  vectors  of  these  two  modes  with  magnitudes  equal  to  the  ratio  of  intensities  measured  in  the 
bulk  spectrum  onto  the  perpendicular  electric  field  vector  at  varying  orientations  until  the  observed  ratio 
of  intensities  in  the  monolayer  spectrum  is  correctly  predicted.  This  approach  is  conceptually  identical  to 
one  recently  described  by  Pemberton  et  al.^’  for  the  determination  of  the  orientation  of  low  symmetry 
molecules  on  metals  using  surface  enhanced  Raman  scattering  (SERS).  Note  that  the  analysis  used  here 
completely  neglects  contributions  to  the  1168  and  1640  cm"‘  bands  by  any  vibrations  other  than  those  of 
the  C-N  and  C=C  bonds,  i.e.  we  are  assuming  that  the  transition  moments  for  these  two  normal  modes  are 
directed  along  the  stretching  direction  for  these  two  bonds. 

For  a  ratio  of  intensities  in  the  bulk  spectrum  of  ca.  5  (for  the  1168  mode:  1640  mode,  which  are 
geometrically  separated  by  54°^*),  this  method  correctly  predicts  the  measured  ratio  of  intensities  in  the 
monolayer  spectrum  of  ca.  7.5  when  the  C-N  bond  (wiiich  is  approximately  parallel  to  the  charge  transfer 
axis  of  the  probe)  is  -5  °  off  normal  with  respect  to  the  gold  surfece  and  the  vinylic  C=C  mode  is  49°  off 
normal  with  respect  to  the  gold  surface.  Thus,  these  RA-FTIR  measurements  qualitatively  suggest  that 
the  long  axis  of  the  probe  molecule,  and  therefore  also  the  charge  transfer  axis  for  the  intramolecular  CT 
band,  is  approximately  perpendicular  to  the  plane  of  the  surfece.  This  orientation  agrees  with  the  odd- 
even  effect  of  thiol  adsorption  on  noble  metals^^  which  also  predicts  a  tilt  angle  for  the  charge  transfer 
axis  of  ca  0°  for  the  molecule  adsorbed  onto  gold  and  ca  60°  for  the  molecule  adsorbed  onto  silver. 
Finally,  it  is  important  to  note  that  the  Stark  shift  in  equation  1  is  a  relatively  weak  function  of  0  for  small 
values  of  0  (a  tilt  angle  of  as  much  as  60°  from  normal  decreases  the  interaction  energy  by  only  0.5). 

Thus,  even  though  relatively  poor  assumptions  have  been  made  about  the  directions  of  the  transition 
moments  for  the  two  normal  modes  used  in  the  analysis,  they  are  not  likely  to  have  a  significant  adverse 
impact  on  the  quantitative  calculation  of  electric  field  magnitudes  from  the  Stark  shifts. 
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Raman  and  Fluorescence  Spectra  of  the  Monolayers 

Before  proceeding  with  a  discussion  of  the  Stark  shift  measurements,  it  is  worth  briefly  presently 
the  results  of  an  unsuccessful  experiment,  because  it  is  instructive  as  to  the  spectroscopic  characteristics 
that  are  indicative  of  problems  with  the  monolayers  that  arise  from  their  instability.  A  few  monolayer 
samples  were  prepared  fi'om  mixtures  of  the  probe  and  1-mercaptoethane  (as  opposed  to  1- 
mercaptopropane)  to  give  SAM’s  of  the  ^  1PAS3/C2.  As  we  have  described  previously*®,  these  short 
chain  alkyl  thiol  SAM’s  are  relatively  unstable  and  desoib  slowly  vriien  placed  into  aqueous  solutions. 
Figure  4  shows  the  result  of  an  attempt  to  obtain  a  fluorescence  spectrum  fi-om  such  a  sample  on 
roughened  Ag.  While  there  is  clearly  a  broad  emission  signature  fi'om  the  SAM,  there  are  also  prominent, 
sharp  peaks  in  the  spectrum.  The  positions  of  these  at  1219  cm'*,  1599  cm'*,  and  several  other  values 
unambiguously  identify  them  as  due  to  SERS  from  adsorbed  probe  molecules'**.  We  attribute  this  type  of 
response  as  due  to  the  desorption  of  a  significant  firaction  of  the  1-mercaptoethane  component  of  the  SAM, 
followed  by  direct  adsorption  of  the  tt  system  of  the  probe  onto  the  underlying  Ag  electrode  surface.  This 
causes  nearly  complete  quenching  of  the  emission  of  the  probe,  as  well  as  the  appearance  of  strong  SERS 
peaks.  This  interpretation  is  in  agreement  with  similar  arguments  recently  made  by  0)m  and  coworkers 
regarding  their  observation  of  fluorescence  fi'om  an  adsorbed  monolayer  of  methylene  blue  under 
conditions  vriiere  direct  access  to  the  surface  by  the  methylene  blue  was  prevented  by  a  layer  of  adsorbed 
sulfur.^  These  observations  of  the  SERS  response  produced  v/hen  the  SAM  fiumework  that  supports  the 
probe  at  the  surface  is  unstable  are  valuable  inasmuch  as  they  reveal  the  spectral  signatures  that  define  a 
poorly  assembled  monolayer.  They  also  show  the  potency  of  the  metal  surface  for  quenching  the  probe 
emission  and  the  very  strong  dependence  of  this  quenching  on  the  exact  placement  of  the  probe  at  the 
surfece. 

Figure  5  shows  the  in  situ  fluorescence  spectrum  obtained  from  a  1PAS3/C3  SAM  on  a 
roughened  Au  substrate  (curve  a),  and  a  spectrum  similarly  obtained  from  a  bare  Au  surface  (curve  b), 
both  at  open  circuit  conditions.  Figure  6  gives  the  excitation  and  emission  spectra  for  the  probe  dissolved 
in  an  aquous  0. 1 M  Na2S04  solution,  which  shows  the  strong  emission  band  for  the  probe  centered  around 
580  nm  in  this  medium.  Comparison  of  curve  a  in  Fig.  5  with  the  emission  spectrum  shown  in  Fig.  6 
strongly  suggests  that  the  large  emission  band  centered  around  605  mn  for  the  1PAS3/C3  SAM  is  due  to 
emission  from  the  probe.  The  relatively  weaker  peaks  observed  at  ca.  560-570  nm  in  both  curves  a  and  b 
in  Fig.  5  are  due  to  Raman  scattering  from  bulk  water  in  the  electrochemical  cell.  The  difference  in 
positions  for  the  emission  maxima  in  Figs.  5  and  6  is  not  necessarily  unexpected,  and  is  likely  due  to 
subtle  differences  in  the  microscopic  environment  of  the  probe  in  these  two  cases.  Ephardt  and 
Fromherz^®  have  previously  discussed  the  solvent  dependence  of  the  emission  maximum  (Xnax)  and 
fluorescence  lifetime  (toi„)  of  a  zwitterionic  derivative  of  this  chromophore.  They  showed  that  ranges 
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from  599  to  626  nm  and  Xobs  ranges  from  1.56  ns  to  40  ps  for  CH2CI2  and  water,  respectively,  illustrating 
the  wide  range  of  observed  values.  Based  on  their  work,  it  is  tempting  to  use  the  in  the  SAM  as  an 
indicator  of  the  effective  polarity  of  the  local  environment.  However,  many  other  factors  that  influence 
XrD2x  may  differ  between  bulk  solution  and  the  surface,  such  as  ion  pairing^  and  the  degree  of  solvation  of 
the  probe^,  and  such  correlations  are  probably  frought  with  pitfalls.  Instead,  we  choose  to  view  the  value 
of  “Knax  observed  in  Fig.  5  as  a  baseline  or  initial  condition  for  the  chromophore  in  the  SAM,  and  to  then 
look  for  deviations  from  this  value  caused  by  purposeful  variation  of  the  applied  potential. 

It  is  important  to  consider  the  possibility  that  dipolar  interactions  between  probes  that  were  too 
near  one  another  would  adversely  affect  our  interpretation  of  the  Stark  shift  measurements  by  obscuring 
the  interactions  between  the  probe  dipoles  and  the  interfacial  electric  field.  Based  on  expectations  that 
such  probe-probe  interactions  would  lead  to  discernible  variations  in  the  values'*^,  we  investigated  the 
dependence  of  on  the  mole  fraction  of  the  probe  in  the  loading  solutions.  The  basic  idea  behind  these 
experiments  was  to  dilute  the  probes  in  the  SAM  sufficiently  so  that  probe-probe  dipolar  interactions 
would  be  absent.  In  fact,  when  the  probe  mole  fraction  in  the  loading  solution  was  decreased  over  a  wide 
range  (from  0.95  to  0. 1),  we  observed  a  blue  shift  in  the  A^ax  with  decreasing  probe  mole  fraction, 
consistent  with  expectations'*^  that  these  dipolar  interactions  would  be  minimized  as  the  probe  surface 
coverage  was  reduced  and,  therefore,  the  average  distance  between  probes  was  increased.  The  details  of 
these  experiments  will  be  reported  elsewhere.  The  important  point  is  that  the  Stark  experiments  were 
done  under  conditions  where  it  can  be  argued  that  probe-probe  dipolar  interactions  do  not  influence  the 
measurement.  These  were  the  conditions  used  to  form  the  SAM’s  used  for  the  Stark  shift  experiments  and 
described  in  the  Experimental  section  . 

Figure  7  shows  the  results  of  in  situ  fluorescence  experiments  for  a  1PAS3/C12  SAM  on  Au  in 
0. 1  M  NaN03  in  which  the  applied  potential  was  varied  between  +0.2  V  and  -0.5  V.  Three  representative 
spectra  are  shown.  Note  that  the  wavelength  axis  is  expanded,  so  only  the  tops  of  the  emission  bands  are 
observed.  These  spectra  clearly  show  a  red  shift  in  A^ax  as  the  qjplied  potential  is  made  more  positive, 
and  vice  versa.  (The  vertical  positions  of  the  peaks  have  been  arbitrarily  ofEset  for  clarity.  We  return  to  a 
discussion  of  the  potential  dependence  of  the  emission  intensity  below.)  These  trends  in  Aniax  versus 
^jplied  potential  have  been  reproduced  for  many  different  SAM  samples,  and  are  representative  of  the 
behavior  of  this  system.  Note  also  that  the  observed,  potential-dependent  value  of  Anm  does  not  depend  on 
the  direction  of  changes  in  the  applied  potential  (i.e.  the  shifts  are  not  dependent  on  the  order  of  the 
experiments). 

Figure  8a  shows  a  plot  of  the  emission  maximum  for  a  1PAS3/C12  sample  on  Au  in  0. 1  M 
NaNOa  versus  applied  potential.  In  this  case,  the  peak  energy  (in  cm’^)  rather  than  A^ax  is  plotted,  as 
suggested  by  the  form  of  equation  1.  These  data  show  a  monotonic,  roughly  linear  relationship  between 
the  emisson  peak  energy  and  applied  potential  between  +0.2  and  -0.5  V.  The  line  through  the  data  points 
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is  a  linear  least-squares  regression  fit.  Similar  results  were  obtained  for  several  1PAS3/C12  samples  on 
Au  substrates.  Figure  8b  shows  plots  of  emission  peak  energy  versus  Eapp  for  a  1PAS3/C3  on  Ag  in  0.1 
M  NaNOa.  The  two  data  sets  correspond  to  two  experiments  in  which  the  direction  of  the  change  in 
applied  potential  was  opposite.  In  the  upper  set,  the  potential  was  changed  in  the  positive-going  direction, 
and  vice  versa  for  lower  set.  The  smaller  shifts  for  these  samples  introduced  more  scatter  in  the  data,  but 
the  slopes  could  still  be  reliably  evaluated.  The  interpretation  of  these  slopes  will  be  presented  in  the 
Discussion  section. 

During  the  Stark  shift  measurements,  it  was  noticed  that  the  intensity  at  Xnm  of  the  emission 
peak  was  reproducibly  potential-dependent.  Figure  9  shows  this  behavior  for  a  set  of  scans  between  -0.5 
and  +0.5  V.  For  these  data,  replicate  spectra  were  obtained  ca.  1  minute  apart  at  each  value  of  ^plied 
potential,  so  the  data  zppeBx  as  pairs  of  data  points  at  various  potentials.  Two  trends  are  evident  fiom 
these  data.  First,  there  is  a  long  term  decrease  in  intensity.  Second,  the  intensity  is  higher  at  positive 
potentials  than  at  negative  potentials.  The  long  term  decrease  is  likely  due  to  a  combination  of 
photobleaching  and  instability  of  the  SAM  at  the  more  positive  potentials  (i.e.  +0.5  V).  The 
photobleaching  beliavior  is  clearly  indicated  by  the  intensity  difference  for  two  data  points  in  a  given  pair. 
For  example,  at  the  first  application  of  an  open  circuit  condition  (labeled  “none”)  the  intensity  decreases 
ca  2%  between  the  two  replicate  spectra  Similarly  small,  but  reproducible,  decreases  are  observed 
between  replicate  spectra  for  applied  potentials  of  0.0  and  -0.5  V  and  at  open  circuit.  These  small 
changes  most  likely  represent  laser  damage  to  the  probe  from  irreversible  photobleaching.  The  difference 
between  replicate  spectra  is  uniformly  larger  at  an  applied  potential  of +0.5  V,  probably  indicating  an 
enhanced  instability  of  the  monolayer  at  positive  potentials.  We  are  uncertain  of  the  origin  of  this 
instability,  but  it  was  routinely  observed.  These  effects  caused  us  to  restrict  the  Stark  measurements  to 
potentials  less  than  ca.  +0.2  V  and  laser  exposures  as  short  as  possible.  In  addition  to  these  effects,  a 
larger  dependence  of  intensity  on  applied  potential  (lower  intensity  at  less  positive  potentials)  was  also 
observed.  This  effect  was  quite  reproducible  unless  the  sample  had  been  either  irradiated  or  exposed  to 
relatively  positive  potentials  for  too  long.  There  are  several  possible  explanations  for  this  potential- 
dependent  fluorescence  intensity,  including  a  potential  dependence  of  the  rate  at  which  the  excited  state  is 
quenched  by  the  metal,  a  potential-dependent  pKa  for  the  basic  aniline  fimctionality  (i.e.  more  negative 
potentials  lead  to  increased  protonation  of  the  probe,  leading  to  a  reduced  number  of  emitters),  an  electric 
field-dependent  transition  moment,  influences  of  ion-pairing  on  the  fluorescence  intensity,  as  well  as 
others.  We  return  to  a  discussion  of  this  effect  below. 

Discussion 

The  slopes  of  plots  of  the  type  shown  in  Fig.  8  give  the  dependence  of  the  Stark  shift  on  applied 
potential.  Equation  1  allows  the  potential-dependent  emission  peak  energies  to  be  used  to  calculate  the 
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dependence  of  the  electric  field  on  applied  potential,  provided  that  Ap  and  cos  0  are  known.  As  discussed 
above,  the  value  of  cos  0  should  be  close  to  1,  so  this  was  used  in  the  calculation.  The  value  of  Ap  has 
been  estimated  both  experimentally^^^  and  theoretically^^^  as  being  about  16  Debye  (5.3  x  10  C  m).  Use 
of  these  two  quantities  and  conversion  of  the  emission  peak  energy  changes  into  units  of  Joules  allows  one 
to  calculate  the  change  in  electric  field  per  volt  change  in  applied  potential,  which  we  write  as  dE/dEapp, 
wiiere  E  is  the  electric  field  and  Eapp  is  the  applied  potential.  This  gives  values  of  dE/dE^  for  the 
1PAS3/C3  and  1PAS3/C12  cases  of  4  x  10"*  V/cm  V  and  3  x  10^  V/cm  V,  respectively.  Note  that  these 
slopes  refer  to  a  change  in  the  electric  field  (in  V/cm)  experienced  by  the  probe  per  volt  change  in  the 
applied  potential  (in  V),  as  discussed  above.  An  absolute  determination  of  the  electric  field  at  any  given 
potential  can  only  be  made  if  the  potential  at  which  the  electric  field  is  zero  (i.e.  the  Epzc)  is  known. 

In  considering  the  significance  of  these  values,  the  size  of  the  probe  should  be  kept  in  mind.  The 
total  length  of  the  chromophoric  segment  of  the  probe  molecule  is  ca.  10  A.  However,  the  actual 
displacement  of  the  electron  during  the  emission  processes  (i.e.  from  the  center  of  charge  of  the  LUMO  to 
the  center  of  charge  of  the  HOMO)  is  only  ca.  3.4  Thus,  this  latter  distance  represents  the  spatial 
“resolution”  of  the  measurement  of  electric  field  changes  with  this  approach.  Based  on  the  geometric 
model  in  Scheme  1,  the  center  of  the  probe  is  8,5  A  from  the  surface.  For  the  1PAS3/C3  case,  this  center 
is  ca.  3.5  A  fi*om  the  end  of  the  propyl  chains  (i.e.  3.5  A  into  the  diffuse  layer),  while  for  the  1PAS3/C12 
case,  it  is  approximately  in  the  center  of  the  alkyl  chain  region  of  the  SAM. 

These  observed  values  of  dE/dEapp  can  be  compared  to  the  results  of  a  recent  theoretical  treatment 
by  Smith  and  White^,  wiio  extended  the  time-honored  Gouy-Chapman  (GC)  model  for  the 
metal/electrolyte  interface^  to  the  case  of  a  metal/organic  monolayer/electrolyte  interfece.  Their  model  is 
pertinent  to  both  the  1PAS3/C3  and  the  1PAS3/C12  cases,  for  v^ch  the  probe  is  outside  of  or  inside  of 
the  organic  monolayer,  respectively.  It  also  allows  for  potential-dependent  changes  in  the  state  of  charge 
of  a  redox  probe  species  within  the  monolayer  for  these  two  cases,  a  situation  that  is  not  relevant  to  the 
present  case  because  our  probe  is  not  redox-active.  Thus,  when  using  their  model,  we  have  chosen 
conditions  under  which  the  charge  of  the  hypothetical  redox  probe  within  the  SAM  would  not  depend  on 
the  applied  potential  (i.e.  we  have  chosen  applied  potentials  far  from  the  E®  of  the  redox  probe).  Then,  we 
have  used  their  gr^hical  results  to  extract  an  estimate  of  dE/dEapp  for  the  special  case  of  a  1PAS3/C12 
SAM.  This  graphical  procedure  is  necessary  because  their  treatment  gives  the  interfacial  potential,  (|),  as  a 
function  of  distance  from  the  metal  surface,  wiiile  our  Stark  measurements  give  E  =  -  d(|)/dx  at  a  particular 
distance  from  the  surface.  This  procedure  (which  is  only  approximate),  suggests  that  dE/dEapp  for  this 
case  should  be  ca.  5  x  10^  V/cm  V,  which  is  about  an  order  of  magnitude  larger  than  the  experimental 
value  of  3  X  10^  V/cm  V.  It  is  worth  noting  that,  because  the  predicted  potential  drop  in  the  interior  of  the 
SAM  is  linear  with  distance,  the  exact  position  of  the  probe  within  the  SAM  is  not  very  important,  so  long 
as  it  is  entirely  contained  within  the  alkyl  chain  region. 
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For  the  1PAS3/C3  case,  the  comparison  between  model  and  experiment  is  more  straightforward 
Here,  the  SmithAVhite  model  is  used  to  predict  the  total  potential  drop  across  the  (dielectric)  organic 
monolayer,  then  the  remaining  potential  at  the  SAM/solution  interface  is  used  as  an  input  into  the 
limiting,  exponential  form  of  the  Gouy-Chapman  expression^.  The  electric  field  at  a  particular  applied 
potential  is  obtained  directly  from  the  derivative  of  this  expression  evaluated  3.5  A  from  the  SAM/solution 
interface  (i.e.  at  the  center  of  the  probe’s  chromophoric  structure).  Finally,  dE/dE^pp  is  obtained  by  taking 
the  difference  between  two  such  electric  field  values  that  are  calculated  for  two  different  applied  potentials 
and  normalizing  to  a  one  volt  potential  difference.  This  procedure  predicts  a  value  for  dE/dEapp  of  3  x  10^ 
V/cm  V.  Again,  the  predicted  value  of  dE/dE^pp  is  more  than  an  order  of  magnitude  larger  than  the 
experimental  value  of  4  x  10^  V/cm  V.  In  this  case,  the  approximately  exponential  decay  of  potential  with 
distance  makes  the  predicted  electric  field  a  strong  function  of  the  exact  position  of  the  probe  within  the 
decay  region.  This,  coupled  with  the  relatively  large  size  of  the  chromophoric  segment  of  the  probe, 
increases  the  uncertainty  of  the  predicted  electric  field  for  this  case. 

These  comparisons  of  the  predicted  and  observed  values  of  dE/dEapp  reveal  large  discrepancies 
between  theory  and  experiment  for  these  cases.  There  are  at  least  three  possible  sources  for  this.  One  is 
the  presence  of  phenomena  that  individually  or  collectively  conspire  to  decrease  the  observed  spectral 
shifts,  and  another  is  the  presence  of  phenomena  that  significantly  influence  the  interfacial  potential 
profile  but  are  not  embodied  in  the  theoretical  models.  An  example  of  the  first  type  would  be  a 
solvatochromic  effect"*^  due  to  potential-dependent  changes  in  the  interfacial  dielectric  constant.  However, 
this  seems  fairly  unlikely  since  virtually  all  theoretical  models  of  the  double  layer  that  include  dipolar 
solvent  structures  indicate  that  dielectric  saturation  is  rarely,  if  ever,  encountered."*^  Another  possible 
source  of  experimental  problems  would  be  a  shift  in  the  emission  spectrum  caused  by  essentially  the  same 
effects  that  lead  to  energy  transfer  to  the  metal,  namely,  coupling  between  the  probe  electronic  structure 
and  that  of  the  metal."*^®  However,  these  shifts  have  been  estimatecf^^  to  be  in  the  range  of  1  -  10  cm“^  at 
the  plasmon  frequency  for  the  metal,  and  much  lower  (<  1  cm'^)  at  frequencies  away  from  the  plasmon 
frequency  as  is  the  case  here,  suggesting  that  this  effect  cannot  be  responsible  for  the  much  larger  shifts 
observed  here. 

Another  possible  source  of  Stark  shifts  that  are  smaller  than  expected  is  a  change  in  the  net 
orientation  of  the  probe  species  within  the  monolayer  in  response  to  variations  in  Eapp,  where  these 
changes  are  in  the  direction  of  decreasing  interaction  between  Ap  and  AE.  A  discussion  this  effect 
depends  on  a  knowledge  of  the  Ep^^.  While  the  value  of  Epzc  is  not  directly  available  for  these  SAM’s,  it  is 
possible  to  make  reasonable  assumptions  that  allow  one  to  estimate  it.  Bryant  and  Crooks'*^  liave 
demonstrated  the  use  of  differential  capacitance  to  determine  the  Epzc  for  an  alkyl  thiol  SAM  on  Au,  and 
obtained  a  value  of +0.2  V,  which  is  consistent  with  previous  determinations  for  the  Epzc  at  bare  Au  under 
a  variety  of  conditions."*^  This  indicates  that  the  presence  of  the  SAM  does  not  significantly  change  the 
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Epzc.  Given  this  situation  for  Au,  it  seems  reasonable  to  make  the  same  assumption  about  dlkyl  thiol 
SAM’s  on  Ag,  for  which  the  Ep^c  is  reported  as  -0.79  Thus,  for  the  experiments  described  above  for 
the  1PAS3/C3  SAM’s  on  Ag  substrates,  the  applied  potential  was  always  positive  of  Epzc,  while  for  the 
1PAS3/C12  case  on  Au,  the  applied  potential  was  always  negative  of  Epzc.  Under  these  conditions,  the 
ground  state  dipole  moment  of  the  probe  (which  has  a  value  of  10  D)  is  unfavorably  oriented  with  respect 
to  the  electric  field  for  the  1PAS3/C3  case,  while  it  is  favorably  oriented  for  the  1PAS3/C12  case.  For  the 
probe  excited  state,  the  dipole  moment  is  reversed  in  direction  but  also  is  smaller  (about  -6  D),  which  will 
mitigate  against  strong  effects  of  the  electric  field  on  its  orientation. 

The  ability  of  the  interfacial  electric  field  to  influence  the  probe’s  orientation  depends  on  the 
energy  of  interaction  between  the  dipole  moment  of  the  probe  and  the  interfacial  electric  field.  For  the 
ground  state,  this  energy  is  4  x  10'^^  J  for  a  field  strength  of  10^  V/cm.  Comparison  of  this  energy  with 
the  available  thermal  energy  at  room  temperature  (1.5  kT  =  6  x  10"^^  J)  indicates  that  the  electrostatic 
interaction  is  a  significant  fraction  of  the  available  thermal  energy,  implying  that  probe  reorientation  is 
possible  under  these  circumstances.  Thus,  the  unfavorable  orientation  of  the  probe  ground  state  dipole 
moment  with  respect  to  the  electric  field  for  the  1PAS3/C3  SAM’s  on  Ag  may  have  led  to  an 
(unmeasured,  and  therefore,  unknown)  increase  in  0  toward  90"* ,  and  a  correspondingly  smaller  Stark 
shift  and  calculated  electric  field  This  possibility  seems  especially  likely  for  this  case  because  orientation 
of  the  probe  along  the  surface  normal  is  not  reinforced  within  the  SAM  by  strong  interactions  with  long 
alkyl  chains  as  it  is  for  the  1PAS3/C12  case.  These  considerations  lead  to  the  conclusion  that  the  electric 
field  strengths  observed  for  the  1PAS3/C3  SAM’s  are  likely  to  be  too  small,  and  that  the  discrepancy 
between  the  predicted  and  observed  dE/E^pp  values  is  due  to  ground  state  probe  reorientation  under  the 
influence  of  the  interfacial  field.  On  the  other  hand,  for  the  1PAS3/C12  SAM’s  on  Au,  the  combination 
of  a  favorable  orientation  of  the  ground  state  dipole  moment  and  the  orienting  influence  of  the  alkyl 
chains  of  the  dodecanethiol  probably  prevents  significant  changes  in  the  ground  state  orientation  of  the 
probe. 

A  related  possibility  that  was  mentioned  above  is  that  the  orientation  of  the  excited  state  species 
may  change  due  to  unfavorable  interaction  between  its  dipole  moment  and  the  electric  field.  Note  that 
this  could  only  happen  for  the  1PAS3/C12  SAM’s  on  Au,  where  the  excited  state  orientation  is 
unfavorable  at  the  applied  potentials  used  for  the  measurements.  Again,  the  ordering  influence  of  the 
dodecanethiol  matrix  should  work  against  such  reorientation.  Further,  for  such  an  effect  to  influence  the 
Stark  peasurements,  it  would  have  to  occur  on  a  timescale  comparable  to  or  shorter  than  the  fluorescence 
lifetime,  Tobe*  Since  Tobg  is  likely  to  be  in  the  10-100  ps  range^^’'*^^  this  reorientation  in  the  excited  state 
would  need  to  be  very  fast.  At  the  present  time,  we  have  no  way  of  evaluating  the  rate  at  which  such 
motions  could  occur  in  such  a  monolayer  system,  so  this  possibility  can  be  neither  rejected  nor 
substantiated.  However,  the  combination  of  a  smaller  electrostatic  interaction  energy  between  the  excited 
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state  dipole  moment  and  the  field,  the  ordering  influence  of  the  SAM,  and  the  lifetime  argument  just 
presented  make  it  seem  unlikely  that  probe  reorintation  would  be  significant  for  the  1PAS3/C12  case. 
Taken  in  total,  these  considerations  of  all  of  the  possible  “experimental”  difficulties  with  the  Stark 
measurements  suggest  that  the  measurement  of  interfacial  electric  fields  that  are  smaller  than  predicted 
by  the  models  is  likely  a  real  effect,  at  least  for  the  1PAS3/C12  case. 

Turning  now  to  the  theoretical  models,  it  seems  that  there  are  two  phenomena  that  could  be  at 
work  in  producing  overly  large  predicted  values  for  the  interfacial  electric  fields.  First,  the  SmithAVhite 
model  neglects  discreteness-of-charge  effects,  vriiich  will  act  to  reduce  the  predicted  field.  Fawcett  has 
shown  how  these  can  be  simply  introduced,  and  has  estimated  the  magnitude  of  such  effects  on  the 
predicted  electric  fields."*  Generally,  inclusion  of  these  effects  will  reduce  the  predicted  fields  1^  a  fector 
of  2-3,  a  significant  change,  but  not  sufficient  to  bring  the  experimentally  and  theoretically  predicted 
fields  into  substantial  agreement.  A  second  phenomenon  that  has  not  been  considered  theoretically  before 
in  this  context  is  related  to  the  presence  of  charge-compensating  counterions  within  the  SAM.  In  all  of 
our  previous  studies  of  SAM’s  containing  charged  groups,  the  EQCM  results  have  clearly  indicated  the 
presence  of  mobile  counterions  within  the  SAM^^.  Thus,  it  is  to  be  expected  that  the  cationic  charge  of 
the  probe  species  in  the  1PAS3/C12  monolayer  would  cause  an  anion  from  the  supporting  electrolyte  to 
remain  fixed  within  the  SAM,  probably  relatively  near  to  the  pyridinium  cationic  center.  In  such  a  case, 
one  could  argue  that  wdien  large  electric  fields  are  applied  across  the  monolayer,  these  mobile  counterions 
would  be  displaced  an  amount  and  direction  that  would  depend  on  the  magnitude  and  orientation  of  the 
electric  field.  Then,  this  small  displacement  of  the  mobile  counterion  would  serve  the  function  of 
providing  a  type  of  electrostatic  screening  for  the  probe  species.  In  essence,  the  local  potential  drop  due  to 
the  charge  separation  of  the  fixed  cationic  site  on  the  probe  and  the  mobile  anion,  which  might  occur  over 
distances  of  only  a  few  A,  would  reduce  the  potential  drop  aross  the  chromophoric  region  of  the  probe, 
thereby  reducing  the  observed  Stark  shift.  Based  on  all  of  the  considerations  described  above  for  the 
1PAS3/C12  case,  we  would  argue  that  the  experimental  value  of  dE/dE,pp  is  probably  a  real  measure  of 
the  effective  interfecial  electric  field  experienced  by  the  probe,  and  that  the  discrepancy  between  the 
predicted  and  observed  electric  field  strengths  results  fi-om  a  combination  of  neglect  of  such  electrostatic 
screening  effects  and  discreteness-of-charge  effects. 

The  dependence  of  emission  intensity  on  shown  in  Figure  9  is  worth  revisiting.  As 
mentioned  above,  this  effect  cxiuld  be  due  to  several  phenomena  It  is  interesting  to  consider  the  last  one 
that  was  presented,  namely,  an  electric  field-dependent  transition  moment.  The  influence  of  an  electric 
field  on  the  transition  for  an  electronic  transition  has  been  discussed  by  Liptay"^,  and  is  given  ly: 

=  (4) 

where  is  the  transition  moment  for  the  electronic  transition  in  the  presence  of  the  field,  Pgeis  the 
transition  moment  in  the  absence  of  the  field,  Aogp  is  the  change  in  the  polarizabiliy  tensor  between  the 
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ground  state  and  the  excited  state,  and  E  is  the  the  electric  field.  Note  that  this  equation  is  written  for  the 
special  case  in  which  the  directions  of  the  transition  moment,  the  polarizability  change,  and  the  electric 
field  are  all  the  same,  along  the  long  axis  of  the  probe.  This  is  reasonable  for  the  present  case,  since  Hgj. 
and  Aoge  are  known  to  be  along  the  long  axis  of  chromophores  of  this  type'”  and  the  long  axis  is  thought 
to  be  along  the  surface  normal,  and  therefore,  parallel  to  E.  Typically,  the  influence  of  the  Ao^e  E  term  is 
not  observed,  both  because  Aotg,  is  not  usually  very  large  and  because  large  values  of  E  are  not  easily 
attainable  in  more  traditional  Stark  experiments.'”  However,  in  the  present  case  Aoge  is  probably  not 
insignificant,  based  on  the  value  of  1.67  x  10'^*  C  m^A^  reported"”  for  the  compound  4-dimethylamlno-4’- 
nitrostilbene,  which  has  a  donor-acceptor  electronic  structure  and  a  large  dipole  moment  change  between 
ground  and  excited  states  that  is  very  similar  to  that  of  the  (dimethylaminostyryl)pyridinium  probe  used 
here’®.  Using  this  value,  a  rough  estimate  of  the  Aotg,  E  term  for  the  present  case  is  0. 15  D  ( or  5  x  10’’* 
Cm)  for  a  field  strength  of  3  x  1 0’  V/cm.  This  is  only  about  1%  of  the  value  of  the  transition  moment 
calculated  fi'om  the  oscillator  strength  using  the  absorption  spectrum  (fi'om  which  a  value  of  12  D  was 
obtained).  Since  the  molar  absorptivity  (and  therefore  the  excitation  rate  in  the  Stark  shift  experiments)  is 
proportional  to  the  square  of  the  transition  moment,  these  calculations  suggest  that  intensity  variations 
due  to  an  electric  field-dependent  transition  moment  should  be  on  the  order  of  1-2%.  In  fact,  the  observed 
variations  are  closer  to  10%  of  the  total  emission  intensity  (corrected  for  background).  These 
considerations  suggest  that  the  major  firaction  of  the  potential-dependence  of  the  fluorescence  intensity 
derives  fi'om  some  other  process,  such  as  a  potential-dependent  quenching  rate,  protonation  behavior  at 
the  nitrogen  of  the  dimethylamino  group,  or  fluorescence  quantum  yield  (vide  infi'a).  However,  should 
conditions  be  achieved  in  which  the  applied  electric  fields  reach  values  of  10®  -  lO’  V/cm,  the  potential 
dependence  of  the  transition  moment  would  likely  lead  to  a  very  significant  dependence  of  emission 
intensity  on  applied  potential.  Of  course,  such  conditions  would  also  lead  to  much  larger  Stark  shifts,  and 
to  an  increase  of  the  relative  importance  of  the  quadratic  term  in  equation  1. 

We  now  briefly  discuss  a  previous  stucfy  of  the  (dimethylaminostyiyl)pyridinium  chromophore 
and  its  relevance  to  the  present  work.  Ephardt  and  Fromherz?*  have  made  a  very  detailed  investigation  of 
the  ctynamics  of  the  fluorescence  process  for  this  compound.  They  measured  the  (tynamics  and  the  ratio  of 
quantum  yields  of  the  trans-to-cis  and  cis-to-trans  photoisomerizations  (<|>rc/<|>CT),  and  found  that  this  ratio 
depends  on  the  medium,  varying  between  0.006  (for  water)  and  0.087  (for  lecithin  membranes).  They 
also  determined  that  the  rate  constants  for  the  interconversions  between  the  various  states  that  connect  the 
cis  and  trans  forms  are  on  the  order  of  0. 1  -  10  ns"’.  These  results  indicate  that  the  photostationary  state 
(i.e.  constant  trans  and  cis  concentrations  under  irradiation)  would  be  reached  under  our  conditions 
essentially  inunediately,  and  that  this  state  will  be  comprised  predominantly  of  the  trans  isomer.  Thus, 
the  long  term  changes  in  fluorescence  intensity  that  we  observed  (see  Fig.  9)  carmot  be  due  to 
interconversions  between  the  trans  and  cis  forms  of  the  probe.  They  also  showed  that  the  excited  state  of 
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this  probe  has  a  non-radiative  deactivation  pathway  that  involves  formation  of  a  twisted  internal  charge 
transfer  (TICT)  state  that  rapidly  internally  converts  to  the  ground  state.  They  speculated  that  this  TICT 
state  may  involve  rotation  around  the  aniline-ethylene  bond.  The  rate  of  formation  of  the  TICT  state  from 
the  fluorescent  state  (F)  was  shown  to  be  strongly  dependent  on  the  viscosity  of  the  solvent,  with  the 
friction  caused  by  more  viscous  solvents  leading  to  a  reduced  rate,  and  therefore,  a  higher  fluorescence 
quantum  yield  (<t>F).  For  example,  <|>f  values  in  methanol  and  dodecanol  are  0.013  and  0.41,  respectively.^^ 
These  results  imply  that  ^  might  depend  on  the  type  of  SAM  used  for  our  experiments,  with  the 
1PAS3/C3  monolayers  expected  to  exhibit  considerably  smaller  ’•^alues  than  those  for  the  1PAS3/C12 
monolayers.  Unfortunately,  it  is  nearly  impossible  to  make  absolute  comparisons  of  fluorescence  intensity 
between  different  samples  with  our  experimental  system  because  of  the  difiBculty  in  reproducible  sample 
placement,  so  we  have  not  been  able  to  investigate  this  effect.  Nevertheless,  these  considerations  do 
surest  that  higher  intensities  should  be  obtained  with  the  1PAS3/C12  monolayers,  which  is  useful 
information  in  terms  of  experimental  design  for  such  studies. 

Finally,  we  discuss  the  use  of  molecules  such  as  the  (dimethylaminostyryl)pyridinium  probe  in 
non-linear  optical  ‘^plications  such  as  second  harmonic  generation  (SHG),  because  of  its  direct  relevance 
to  our  results.  Marks  and  coworkers^^^^  have  published  several  reports  of  the  fabrication  of  monolayer 
and  multilayer  assemblies  of  this  molecule  (or  derivatives  of  it)  and  of  the  SHG  efficiency  of  these 
assemblies.  Just  as  is  the  case  for  the  Stark  effect  measurements  here,  their  SHG  experiments  rely  on  an 
ability  to  produce  net  orientation  of  the  probe  at  a  surface.  It  is  particularly  significant  that  they  have 
observed  a  strong  influence  of  the  SHG  efficienQr  for  these  assemblies  on  the  nature  of  the  anionic 
counterion  within  the  assembly,  with  increases  as  large  as  44%  associated  with  the  change  from  a  CF  to 
an  ethyl  orange  counterion.^^  Computational  results  suggest  that  this  effect  arises  from  a  change  in  the 
polarizability  of  the  probe  due  to  the  nature  and  position  of  the  anion  with  respect  to  the  cationic  charge  of 
the  (dimethylaminostyiyl)pyridinium  moieties.^®  Stated  more  generally,  the  nature  and  extent  of 
electrostatic  interactions  (such  as  ion-pairing)  between  the  probe  and  its  counterion  within  the  assembly 
can  be  expected  to  significantly  influence  the  electronic  structure  of  the  probe.  Given  that  the  SHG 
efficiency  (measured  hy  p,  the  hyperpolariz^ility)  is  proportional  to  and  we  would  expect  that 
these  interactions  would  also  manifest  themselves  in  variations  in  both  the  fluorescence  intensity  and  the 
value  of  Xroax  for  our  experiments.  This  suggests  that  the  discrepancies  between  the  predicted  and 
observed  dE/dEapp  values  for  the  1PAS3/C12  case,  as  well  as  the  observed  dependence  of  the  fluorescence 
intensity  on  applied  potential,  may  be  related  to  the  influence  of  the  interfacial  electric  field  on  the 
position  of  the  counterion,  and  therefore,  on  the  electrostatic  interactions  between  it  and  the  probe.  These 
arguments  can  be  used  to  qualitatively  explain  the  results  in  Fig.  9.  For  example,  at  more  positive 
potentials,  the  anionic  counterions  would  be  displaced  away  from  the  probe,  toward  the  positively  charged 
electrode  surface.  This  would  decrease  the  interaction  between  the  anion  and  the  cationic  site  on  the 
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probe.  Since  this  interaction  decreases  (because  the  presence  of  the  anion  opposes  the  charge  shift  from 
the  donor  site  to  the  acceptor  site  that  occurs  during  the  CT  transition),  displacement  of  the  anion  should 
lead  to  an  increase  in  fluorescence  intensity,  as  is  observed. 

Conclusions 

The  results  presented  above  represent  the  first  application  of  fluorescence  Stark  effect 
measurements  to  the  determination  of  electric  fields  at  electrode-electrolyte  interfaces.  Two  cases  were 
examined,  1PAS3/C3  monolayers  on  Ag  and  1PAS3/C12  monolayers  on  Au,  for  which  the  probe  species 
is  outside  of  or  inside  of  the  SAM  structure,  respectively.  For  both  cases,  the  experimentally  observed 
interfacial  electric  fields  are  significantly  less  than  those  predicted  by  existing  models.  However,  we 
believe  the  reasons  for  these  discrepancies  are  different  for  the  two  cases.  For  the  former  case,  the 
influence  of  the  electric  field  is  likely  to  produce  a  probe  orientation  that  is  more  parallel  than 
perpendicular  to  the  surface,  leading  to  an  underestimation  of  the  electric  field.  For  the  latter  case,  several 
factors  probably  enter  into  play,  including  discreteness-of-charge  effects,  electrostatic  screening  from 
electric  field-induced  counterion  displacement  within  the  SAM,  and  influence  of  the  counterion  within  the 
SAM  on  the  polarizability  of  the  probe,  and  therefore  on  A\x  and  This  interpretation  suggests  that  two 
separate  types  of  effects  need  to  be  better  addressed  in  the  models  that  are  used  to  describe  such 
phenomena.  First,  more  realistic  models  of  interfacial  potential  profiles  will  likely  need  to  take  into 
account  the  presence  of  ions  and  the  possibility  of  electric  field-induced  displacements  of  these  within 
interfacial  assemblies.  Second,  whenever  probes  are  used  to  investigate  the  interfacial  environment,  one 
must  always  consider  the  consequences  of  local  effects  due  to  the  presence  of  the  probe,  because  these  may 
alter  its  behavior  thereby  inhibiting  its  ability  to  accurately  report  on  its  environment.  In  the  present  case, 
these  effects  manifest  as  an  influence  of  the  probe’s  counterion  both  on  its  ability  to  accurately  sense  the 
interfacial  field  and  on  the  spectral  properties  of  the  probe  that  are  used  to  determine  the  interfacial  field. 

One  way  of  obviating  these  influences  of  counterions  within  the  SAM  is  to  use  a  neutral  probe 
species.  A  promising  candidate  for  this  extension  of  the  present  study  is  a  derivative  of  4-dialkylamino-4’- 
nitrostilbene  that  is  suitably  functionalized  to  allow  it  to  be  immobilized  within  these  all^l  thiol-based 
SAM’s.  This  compound  has  veiy  similar  spectral  properties  to  those  of  the  (dimethylamino)pyridinium 
probe  used  here."*^’^®’^^  Efforts  to  employ  this  approach  are  currently  underway. 

Another  important  conclusion  of  the  present  work  is  that  fluorescence  measurements  on  species 
present  at  metal  surfaces  are  both  possible  and  understandable  based  on  the  simple  notions  embodied  in 
equation  3,  These  considerations  suggest  that  fluorescence  measurements  such  as  those  reported  here  will 
be  possible  any  time  the  radiative  rate  is  competitive  with  the  non-radiative  processes  that  lead  to 
deactivation  of  the  excited  state.  Thus,  a  simple  criterion  for  predicting  the  probability  of  success  in  such 
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measurements  will  be  the  shortness  of  the  intrinsic  fluorescence  lifetime  of  the  emitter,  with  shorter 
lifetimes  being  expected  to  produce  higher  fluorescence  intensities. 

As  is  clear  from  the  discussion  above,  there  are  many,  diverse  physical  phenomena  that 
collectively  operate  to  produce  the  observed  potential-dependent  fluorescence  intensities  and  values. 
Distinguishing  between  them  will  require  considerable  care  in  experimental  design  and  execution. 
Nevertheless,  such  an  endeavor  would  seem  to  be  very  worthwhile  because  the  results  of  such  experiments 
speak  directly  to  the  influence  of  the  interfacial  environment  on  the  behavior  of  molecules  that  find 
themselves  there,  a  goal  that  ultimately  must  be  achieved  to  fully  understand  electrochemical  phenomena. 
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Figure  Captions 

1.  Structural  representations  of:  a)  hemicyanine  (/ra«5'-4[4-(DimethyIamino)styryl]  pyridine);  b) 
IPASSBr;  andc)  1PAS3SH, 

2.  Reflection  absorption  FTIR  spectrum  of  a  1PAS3/C12  monolayer  on  smooth  gold  loaded  for  21  hours 
from  a  solution  of  0.9:0.1  molar  fraction  of  1PAS3SH:C12SH.  Spectrum  represents  2048  co-added  scans 
at  2  cm“^  resolution.  Line  is  equal  to  0.001  absorbance  units. 

3.  Transmission  FTIR  spectrum  of  bulk  1PAS3SH.  Spectrum  represents  256  co-added  scans  at  2  cm‘^ 
resolution. 

4.  Surface  enhanced  Raman  spectrum  of  a  1PAS3/C2  monolayer  on  roughened  silver  relative  to  the  5145 
A  laser  line.  The  laser  power  was  ca.  50  mW  and  controlled  via  feedback.  Entrance  slit  was  2  mm  wide. 
Throughout  the  scan,  the  monolayer  substrate  was  biased  to  -0.8  V  vs.  an  Ag/AgCl  reference  electrode  in 
0.1MNa2SO4. 

5.  In  situ  fluorescence  spectra  of  a  bare  roughened  gold  substrate  (b)  and  of  the  same  substrate  supporting 
a  1PAS3/C3  monolayer  in  0. 1  M  NaNOs  (a).  Laser  power  was  ca.  3  mW  controlled  via  feedback  of  the 
476.5  nm  line.  Spectra  represent  5  co-added  exposures  of  10  seconds  each. 

6.  Bulk  excitation/emission  spectra  of  1PAS6SH  in  0. 1  M  Na2S04. 

7.  Representative  Stark  spectroscopy  data  of  the  fluorescence  emission  peak  of  a  1PAS3/C12  monolayer 
at  three  potentials  in  0.1  M  NaNOs.  Laser  power  was  ca.  3  mW  controlled  via  feedback  of  the  476.5  nm 
line.  Spectra  represent  5  co-added  exposures  of  5  seconds  each. 

8.  a.)  Plot  of  emission  peak  energy  in  wavenumbers  versus  applied  potential  for  the  data  shown  in  Figure 

7.  The  line  represents  the  least-squares  regression  (slope  is  -86.9,  =  0.9)  for  the  data  set.  b.)  Plot  of 

emission  peak  energy  in  wavenumbers  versus  applied  potential  for  a  1PAS3/C3  monolayer.  For  the  upper 
set  of  data  the  potential  was  changed  in  a  positive-going  direction,  and  the  line  represents  the  least- 
squares  regression  to  that  data  set  (slope  is  -10.7,  r^  =  1.0).  For  the  lower  set  of  data  the  potential  was 
changed  in  a  negative-going  direction,  and  the  line  represents  the  least-squares  regression  to  that  data  set 
(slope  is  -15.1,  =  0.7). 

9.  Plot  of  relative  maximum  intensity  of  the  emission  peak  of  a  1PAS3/C6  monolayer  vs.  applied 
potential.  Spectra  were  taken  in  sets  of  two  at  the  same  ^plied  potential  before  the  potential  was 
changed.  The  laser  beam  was  not  blocked  from  the  surface  between  spectra  in  the  sets  (e.g.  between  the 
first  and  second  spectra)  but  was  blocked  between  sets  (e.g.  between  the  second  and  third  spectra). 

"‘None”  refers  open  circuit  conditions.  Spectra  represent  5  co-added  scans  of  5  seconds  each.  Laser  power 
was  ca.  3  mW  controlled  via  feedback  of  the  476.5  nm  line. 
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